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A B S T R A C l  
NASA Lewis th rough  in-house e f f o r t s  has i n i t i a t e d  
a s tudy  t o  genera te  a concep tua l  des ign  of a s e n s i b l e  
hea t  s o l a r  r e c e i v e r  and t o  de te rm ine  t h e  f e a s i b i l i t y  
o f  t h i s  system f o r  space power a p p l i c a t i o n s .  The sen- 
s i b l e  hea t  s o l a r  r e c e i v e r  genera ted  i n  t h i s  s tudy  uses 
des igned f o r  a 7 kWe B r a y t o n  (PCS)  o p e r a t i n g  a t  1100 K 
The r e c e i v e r  c o n s i s t s  o f  two s tages  i n t e r c o n n e c t e d  v i a  
tempera ture  sens ing  v a r i a b l e  conductance sodium hea t  
p i p e s .  The l i t h i u m  i s  c o n t a i n e d  w i t h i n  a n iob ium ves- 
s e l  and t h e  o u t e r  s h e l l  o f  t h e  r e c e i v e r  i s  c o n s t r u c t e d  
o f  t h i r d  g e n e r a t i o n  r i g i d ,  f i b r o u s  ceramic  i n s u l a t i o n  
m a t e r i a l .  R e r a d i a t i o n  l o s s e s  a r e  c o n t r o l l e d  w i t h  n i o -  
bium and aluminum s h i e l d s .  By n a t u r e  of des ign ,  t h e  
s e n s i b l e  hea t  r e c e i v e r  genera ted  i n  t h i s  s t u d y  i s  com- 
p a r a b l e  i n  b o t h  s i z e  and mass t o  a l a t e n t  h e a t  system 
o f  s i m i l a r  thermal  c a p a c i t a n c e .  The hea t  r e c e i v e r  
des ign  and thermal  a n a l y s i s  was conducted  th rough  t h e  
combined use of PATRAN, SINDA, T R A S Y S ,  and NASTRAN 
s o f t w a r e  packages .'. 
INTRODUCTION 
a) pure  l i t h i u m  as t h e  thermal  s to rage  media and was 
7' 
S o l a r  dynamic power systems a r e  c u r r e n t l y  b e i n g  
s t u d i e d  as a means o f  p r o v i d i n g  e l e c t r i c a l  power for 
space a p p l i c a t i o n s .  One o f  the  key  components i n  t h e  
s o l a r  dynamic power system i s  t h e  hea t  r e c e i v e r l t h e r m a l  
energy  s to rage  ( T E S )  sub-system. The s t a t e  of the  a r t  
(SOA)  h e a t  rece ive r /TES sub-system i s  one o f  t h e  l a r g e r  
and h e a v i e r  components i n  the  s o l a r  dynamic power sys- 
tem; and t h e  upper o p e r a t i n g  tempera tu re  i s  l i m i t e d  by  
r e r a d i a t i o n  l osses  f r o m  t h e  a p e r t u r e .  There fo re ,  
f u t u r e  des ign  and development o f  advanced s o l a r  dynamic 
power systems w i l l  be d i r e c t e d  toward  concepts  t h a t  
a r e  more e f f i c i e n t  and l i g h t e r  t han  t h e  SOA. 
The need t o  i n v e s t i g a t e  s e n s i b l e  hea t  s to rage  
techno logy  stems from t h e  u n c e r t a i n t i e s  a s s o c i a t e d  
w i t h  l a t e n t  h e a t  s to rage  m a t e r i a l s ,  more s p e c l f i c a l l y  
phase change s a l t s .  I n  r e c e n t  l a t e n t  hea t  r e c e i v e r  
des igns  l i t h i u m  s a l t s  such as, l i t h i u m  f l u o r i d e  and 
l i t h i u m  h y d r o x i d e  have been used and t h e  problems 
wh ich  t h e y  p r e s e n t  have y e t  t o  be r e s o l v e d .  A l though  
these s a l t s  have r e l a t i v e l y  h i g h  hea ts  o f  f u s i o n ,  t h e y  
a l s o  have v e r y  low the rma l  c o n d u c t i v i t i e s ,  low dens i -  
t i e s ,  h i g h  volume expans ion  upon m e l t i n g ,  and a r e  
v e r y  c o r r o s i v e .  Thus, t h e  r e s u l t i n g  hea t  r e c e i v -  
e r l t h e r m a l  energy  s to rage  sub-system i s  l a r g e  and mas- 
s i v e  due t o  r e q u i r e d  the rma l  c o n d u c t i v i t y  enhanc ing  
dev i ces  and a d d i t i o n a l  con ta inment  m a t e r i a l  ( 1 ) .  
However, s e n s i b l e  h e a t  s to rage  systems, u t i l i z i n g  
l i q u i d  l i t h i u m  as t h e  s t o r a g e  media,  possess t h e  capa- 
b i l i t y  t o  improve upon or m in im ize  these prob lems.  I n  
s e n s i b l e  hea t  s to rage  systems volume change can be l i r n -  
i t e d  by c o n t r o l l i n g  t h e  magnitude o f  t h e  a s s o c i a t e d  
tempera u r e  swings; a s m a l l e r  tempera ture  change w i l l  
r e s u l t  n a s m a l l e r  volume change t h u s ,  a s m a l l e r  v o i d  
w i l l  be produced. L i t h i u m  has a much h i g h e r  thermal  
conduct v i t y  and i s  n o t  as c o r r o s i v e  as t h e  l i t h i u m  
s a l t s .  The re fo re ,  t he rma l  c o n d u c t i v i t y  enhanc ing  
dev i ces  a r e  n o t  needed and t h e  l i f e  expec tancy  o f  t h e  
conta inment  vesse l  i s  i n c r e a s e d .  I n  the  p a s t ,  s e n s i b l e  
heat  r e c e i v e r  concepts  have been much l a r g e r  and more 
massive than  l a t e n t  h e a t  s y s t e m s  due to  t h e  amount o f  
a d d i t i o n a l  m a t e r i a l  r e q u i r e d  t o  s t o r e  e q u i v a l e n t  amounts 
of energy .  However, t h e  s e n s i b l e  heat  r e c e i v e r  des igned 
i n  t h i s  s tudy  i s  comparable i n  b o t h  s i z e  and mass t o  
a l a t e n t  hea t  system o f  s i m i l a r  thermal  capac i tance .  
DESIGN REQUIREMENTS 
The des ign  requ i remen ts  shown i n  Table I f o r  t h e  
s e n s i b l e  hea t  r e c e i v e r  a r e  s i m i l a r  t o  those s p e c i f i e d  
for  e a r l i e r  l a t e n t  hea t  r e c e i v e r  s t u d i e s  ( 2 ) .  The 
o n l y  d i f f e r e n c e  i s  t h e  thermal  s to rage  media.  The 
o b j e c t i v e  o f  t he  s e n s i b l e  h e a t  r e c e i v e r  s tudy  was t o  
genera te  and e v a l u a t e  a concep tua l  des ign  f o r  a l i q u i d  
l i t h i u m  s o l a r  dynamic hea t  r e c e i v e r  for  a B ray ton  
space power system. A p o i n t  des ign  of 7 kWe was 
s e l e c t e d  fo r  t h i s  s tudy ,  b u t  t h e  concept  i s  t o  be 
a p p l i c a b l e  t o  a v a r i e t y  o f  power l e v e l s  r a n g i n g  f r o m  
1 .5  to  50 kWe. 
I n  a d d i t i o n  t o  t h e  s p e c i f i e d  des ign  requ i remen ts ,  
t h e  s e n s i b l e  hea t  r e c e i v e r  des ign  was t o  i n c l u d e :  
( 1 )  an o p t i m i z e d  a p e r t u r e  
( 2 )  an o p t i m i z e d  c a v i t y  geometry 
( 3 )  an i n s u l a t e d  o u t e r  s h e l l  
1 
( 4 )  t u b u l a r  hea t  t r a n s f e r  sur faces  
( 5 )  maximum hea t  exchanger p r e s s u r e  d r o p  of 
4 pe rcen t  
( 6 )  i n l e t  work ing  f l u i d  p ressu re  o f  60 p s i  
The o u t p u t  f r o m  t h e  s tudy  was t o  i n c l u d e  as a 
m i  n i mum: 
( 1 )  m a t e r i a l  s e l e c t i o n s  
( 2 )  mass and s i z e  
( 3 )  thermal  performance parameters  a t  
( 4 )  o r b i t a l  s teady  s t a t e  o p e r a t i o n  
( 5 )  s t r u c t u r a l  requ i remen ts  
LITHIUM SENSIBLE H E A T  R E C E I V E R  D E S I G N  
The s e n s i b l e  hea t  r e c e i v e r  shown i n  F 
s i s t s  of  two s taqes ,  one t o  s t o r e  s e n s i b l e  
s t a r t - u p  
g.  1 con- 
thermal  
ene rgy ,  and the  o t h e r  t o  supp ly  t h e  B r a y t o n  c y c l e  
work ing  f l u i d  w i t h  a u n i f o r m  hea t  i n p u t .  The thermal  
s t o r a g e  or upper s tage,  r e c e i v e s  s o l a r  energy  f r o m  t h e  
c o n c e n t r a t o r  and s t o r e s  i t  i n  a l i t h i u m  b a t h .  Energy 
i s  t r a n s f e r r e d  t o  t h e  lower  s tage v i a  tempera tu re  
sens ing  v a r i a b l e  conductance hea t  p i p e s  (TSVCHP). 
Upper Stage Des ign  
Des ign  o f  t h e  upper s tage focused  p r i m a r i l y  on  
o p t i m i z i n g  t h e  a p e r t u r e  d iamete r  and t h e  r e c e i v e r ' s  
i n t e r n a l  c o n f i g u r a t i o n .  The a p e r t u r e  had t o  be l a r g e  
enough to  a l l o w  an opt imum amount o f  c o n c e n t r a t e d  
s o l a r  energy  t o  reach  t h e  r e c e i v e r  c a v i t y  and smal l  
enough to  m in im ize  r e r a d i a t i o n  l o s s e s .  I n  t h i s  s t u d y  
t h e  maximum a p e r t u r e  d iamete r  was l i m i t e d  to  14.6 cm 
wh ich  i s  t h e  d iamete r  o f  t h e  focused  c o n c e n t r a t o r  
image. 
s e l e c t i n g  a d iamete r  wh ich  ba lanced g a i n s  and l o s s e s  
t o  produce a p rede te rm ined  peak o p e r a t i n g  tempera tu re  
fo r  t h e  c a v i t y  s k i n .  The f i n a l  hea t  r e c e i v e r  d e s i g n  
r e q u i r e d  a a p e r t u r e  d iamete r  o f  13.3 cm. 
O p t i m i z a t i o n  o f  t h e  r e c e i v e r ' s  c a v i t y  i n c l u d e d  
m i n i m i z i n g  a p e r t u r e  l osses  and thermal  s t r e s s e s ,  and 
c o n s i d e r a t i o n s  f o r  t h e  ease w i t h  wh ich  t h e  r e c e i v e r  
c o u l d  be manufac tured .  Four d i f f e r e n t  c a v i t y  geome- 
t r i e s  were ana lyzed .  
r a d i i ,  t h e  c o n d i t i o n  wh ich  produced minimum r a d i a t i o n  
exchange between t h e  c a v i t y  and t h e  a p e r t u r e  was 
de te rm ined .  The r e c e i v e r  c a v i t y  shapes ana lyzed  for  
t h i s  s tudy  were: hemispher i ca l  base w i t h  a c y l i n d r i -  
c a l  t o p ,  F i g .  2 (a f :  hemispher i ca l  base w i t h  a c o n i c a l  
t o p ,  F i g .  2 ( b ) ;  hemispher i ca l  base and a c y l i n d r i c a l  
t o p  w i t h  a cone cen te red  on t h e  base, F i g .  2 ( c ) ;  and 
a c y l i n d e r ,  F i g .  2 ( d ) .  For F i g s .  2 (a )  and ( b ) ,  t h e  
h e i g h t  o f  t h e  upper p o r t i o n  of t h e  c a v i t y  ( c y l i n d r i c a l  
or c o n i c a l  s e c t i o n )  was v a r i e d  a c c o r d i n g  t o  t h e  r a d i u s  
o f  the  lower hemisphere,  so t h a t  t h e  incoming s o l a r  
f l u x  was e v e n l y  d i s t r i b u t e d  o n l y  on t h e  l ower  hemi- 
s p h e r i c a l  s u r f a c e .  
The c y l i n d r i c a l  shape ( F i g .  2 ( d ) )  produced t h e  
l owes t  AF va lues  ( u c A F )  between the  c a v i t y  and t h e  
a p e r t u r e  b u t ,  t h e  shape was assumed t o  have h i g h  t h e r -  
mal s t r e s s e s  which t r a n s l a t e  i n t o  low l i f e  expec tancy .  
The AF va lues  for  the  o t h e r  t h r e e  c o n f i g u r a t i o n s  were 
found  t o  be n e a r l y  e q u a l .  The c o n f i g u r a t i o n  w i t h  t h e  
hemispher i ca l  base and c y l i n d r i c a l  t o p  ( F i g .  2 ( a ) )  was 
cons ide red  t o  have t h e  l owes t  thermal  s t r e s s  and p ro -  
v i d e d  ease o f  manu fac tu r ing  t h e r e f o r e ,  i t  was s e l e c t e d  
as t h e  r e c e i v e r ' s  upper s tage c a v i t y  geometry.  
The amount o f  l i t h i u m  r e q u i r e d  for t he  r e c e i v e r ' s  
upper s tage i s  based on a s p e c i f i e d  o p e r a t i n g  tempera- 
t u r e  f o r  t h e  power c y c l e ,  t h e  maximum upper o p e r a t i n g  
tempera tu re ,  and t h e  t o t a l  r e r a d i a t i o n  and e x t e r n a l  
s u r f a c e  l o s s e s .  The i n i t i a l  des ign  g o a l s  for t h i s  
O p t i m i z a t i o n  o f  t h e  a p e r t u r e  a l s o  i n v o l v e d  
Through v a r y i n g  h e i g h t s  and 
program were: 
upper o p e r a t i n g  tempera ture  of 1500 K ,  and a 20 p e r c e n t  
loss r a t e .  I t  was e s t i m a t e d  t h a t  136 k g  o f  l i t h i u m  
would be r e q u i r e d  t o  meet these des igns  g o a l s .  A l s o ,  
t h e  upper s tage was des igned t o  have a r e l a t i v e l y  
equal  c ross  s e c t i o n a l  a rea  o f  l i t h i u m  i n  o r d e r  t o  p ro -  
v i d e  even h e a t i n g  and reduce thermal  g r a d i e n t s .  
Lower Staqe Des ign  
supp ly  o f  energy  t o  the  he l ium/xexon work ing  f l u i d  a t  
a c o n s t a n t  t empera tu re .  The r i n g e d  c o n f i g u r a t i o n  o f  
t h e  l ower  s tage m in im izes  t h e  we igh t  o f  t h e  r e c e i v e r  by 
m i n i m i z i n g  t h e  amount o f  l i t h i u m  (wh ich  p r o v i d e s  damp- 
i n g  fo r  tempera ture  f l u c t u a t i o n s )  r e q u i r e d .  I t  would 
be p o s s i b l e  t o  e l i m i n a t e  t h e  l i t h i u m  i n  t h e  lower  
s tage i f  t h e  t u r b i n e  c o u l d  accep t  l a r g e r  tempera tu re  
f l u c t u a t i o n s .  The h e a t  exchanger i s  c o n s t r u c t e d  o f  
s i x  3 .6  cm I D  n iob ium tubes  w i t h  0 .159 c m  w a l l s ,  and a 
l e n g t h  o f  0.9 m. The tubes  a r e  a t t a c h e d  t o  a 8 . 8 9  cm 
i n l e t  and o u t l e t  header ( F i g .  1 ) .  T h i s  hea t  exchanger 
des ign  p r o v i d e s  a 3 p e r c e n t  p ressu re  d rop  and r e q u i r e s  
a 166.7 K tempera ture  d i f f e r e n c e  between t h e  l i t h i u m  
and t h e  work ing  f l u i d  t o  produce an e x i t  t empera tu re  
o f  1100 K .  
n a t u r e  o f  l i t h i u m ,  t h e  s e l e c t i o n  o f  a con ta inmen t  
m a t e r i a l  was l i m i t e d  t o  o n l y  a few m e t a l s ;  molybdenum 
a l l o y s ,  t a n t a l u m  a l l o y s ,  and n iob ium.  A f t e r  a r e v i e w  
o f  these m a t e r i a l s ,  0.1 i n c h  s k i n s  o f  n i o b i u m  was s e -  
l e c t e d  fo r  conta inment  o f  b o t h  t h e  upper and lower  
s tages .  T h i s  s e l e c t i o n  was made based on t h e  low den- 
s i t y  and t h e  w o r k a b i l i t y  o f  n iob ium.  Tab le  I 1  con- 
t a i n s  mass i n f o r m a t i o n  based on m a t e r i a l  s e l e c t i o n  and 
component, and f i g u r e  3 i s  a p i c t o r i a l  r e p r e s e n t a t i o n  
of t h e  tempera tures  a s s o c i a t e d  w i t h  t h e  v a r i o u s  
r e c e i v e r  m a t e r i a l s .  
a tempera ture  range o f  139 t o  167 K ,  an 
The lower  s tage i s  des igned t o  p r o v i d e  a c o n s t a n t  
Due to  t h e  h i g h  o p e r a t i n g  tempera tu re  and e r o s i v e  
Heat P ipe  O p e r a t i o n  
The tempera tu re  sens ing  v a r i a b l e  conductance hea t  
p i p e  (TSVCHP) t r a n s f e r s  hea t  from t h e  upper s tage t o  
t h e  lower  s tage .  The TSVCHP used i n  t h i s  s tudy  d i f f -  
e r s  from a s tandard  v a r i a b l e  conductance hea t  p i p e  
(VCHP), i n  t h a t  t h e  VCHP m a i n t a i n s  a c o n s t a n t  evapora- 
t i o n  s i d e  tempera tu re  and t h e  TSVCHP m a i n t a i n s  a con- 
s t a n t  condenser s i d e  tempera tu re .  The d e s i g n  o f  t he  
TSVCHP r e q u i r e s  a p rocesso r ,  two tempera tu re  sensors ,  
and a gas r e s e r v e  w i t h  r e s i s t a n c e  h e a t i n g ,  F i g .  4 .  The 
f i rst  sensor m o n i t o r s  t h e  e x i t i n g  work ing  f l u i d  t e m -  
p e r a t u r e  and t h e  second m o n i t o r s  the  upper s tage l i t h -  
ium tempera tu re .  A s  t h e  tempera tu re  o f  t h e  work ing  
f l u i d  i nc reases  or decreases ,  t he  f i rs t  sensor p ro -  
v i d e s  feedback t o  t h e  Processor  wh ich  e i t h e r  i nc reases  
or decreases t h e  e l e c t r i c a l  energy  sup 
r e s i s t a n c e  h e a t e r  i n  t h e  gas r e s e r v e .  
v a r i e s  t h e  p ressu re  o f  t h e  i n e r t  gas.  
p r e s s u r e  decreases t h e  conductance o f  
f i l l i n g  t h e  condens ing  end o f  t h e  hea t  
The second sensor p r o v i d e s  i n f o r m a t i o n  
sor such t h a t  compensat ion i s  made f o r  
vapor p r e s s u r e  o f  t h e  sodium hea t  p i p e  
change i n  t h e  tempera ture  o f  the  upper 
I n c r e a s i n g  t h e  upper s tage tempera ture  
vapor p ressu re  o f  t h e  sodium. A g r e a t  
l i e d  t o  the  
h i s  i n  t u r n  
I n c r e a s i n g  the  
he hea t  p i p e  by 
p i p e  w i t h  gas. 
t o  the  proces-  
a change i n  the  
caused by a 
s tage l i t h i u m .  
i nc reases  t h e  
r sodium vaDor 
p r e s s u r e  r e q u i r e s  a g r e a t e r  p ressu re  i n  t h e  gas r e s e r v e  
t o  m a i n t a i n  t h e  same gas l e v e l  i n  the  condenser po r -  
t i o n  o f  t h e  hea t  p i p e .  
To s t a r t  t r a n s f e r r i n g  hea t  from the  upper stage 
t o  t h e  lower s tage ,  v i a  t h e  hea t  p i p e ,  t h e  l i t h i u m  
su r round ing  t h e  h e a t  p i p e  must reach  a tempera ture  o f  
778 K ,  which  i s  t h e  minimum o p e r a t i n g  tempera ture  o f  
2 
a sodium h e a t  p i p e .  
s t a g e ,  su r round ing  t h e  hea t  p i p e ,  exceeded 1573 K o r  
f e l l  be low 778 K t h e  hea t  p i p e  would cease t o  o p e r a t e .  
Once t h e  upper s tage reaches a minimum tempera tu re  o f  
1500 K and the  lower  s tage reaches  a tempera tu re  o f  
1.100 K ,  t he  work ing  f l u i d  beg ins  c i r c u l a t i n g .  
I f  t h e  l i t h i u m  i n  t h e  upper  
Heat Rece ive r  S t r u c t u r e  
The l i t h i u m  vesse ls  a r e  c o n t a i n e d  w i t h i n  a c y l i n -  
d r i c a l  s t r u c t u r e  o f  H igh  Thermal Performance ( H T P )  
ceramic  i n s u l a t i o n ,  w i t h  a v o i d  space m a i n t a i n i n g  sep- 
a r a t i o n  between the  upper and lower  vesse ls  and the  
c a s i n g ,  see F i g .  1 .  The vesse ls  a r e  s t r u c t u r a l l y  sep- 
a r a t e d  f rom one another  and t h e  H T P  i n s u l a t i o n  by t h i n  
H T P  s t a n d o f f s .  The e n t i r e  r e c e i v e r  i s  encased i n  a 
t h i n  s h e l l  o f  t i t a n i u m  t o  p r o v i d e  an a t tachmen t  sur -  
f a c e  for  f a s t e n i n g  the  r e c e i v e r  t o  t h e  c o n c e n t r a t o r  
and o t h e r  s t r u c t u r e s .  A l i s t  o f  HTP m a t e r i a l s  p roper -  
t i e s  a r e  shown i n  Table 111. 
HEAT R E C E I V E R  ANALYSIS 
Four s o f t w a r e  packages were used t o  ana lyze  t h e  
h e a t  r e c e i v e r :  PATRAN and a s s o c i a t e d  programs. SINDA, 
TRASYS and NASTRAN. PATRAN was used as a p re -p rocesso r  
t o  genera te  a th ree -d imens iona l  model o f  t h e  r e c e i v e r  
t o  be t r a n s l a t e d  i n t o  SINDA and NASTRAN i n p u t  decks, 
and as a pos t -p rocessor  t o  show thermal  and s t r e s s  
c o n t o u r s .  
TRASYS i s  used t o  c a l c u l a t e  t h e  A F  va lues  for 
i n t e r n a l  and e x t e r n a l  s u r f a c e s ,  and t o  genera te  s o l a r ,  
a lbedo ,  and p l a n e t a r y  g a i n s  on t h e  o u t e r  s u r f a c e .  
F i g u r e  5 shows t i m e  s l i c e s  fo r  a t y p i c a l  low e a r t h  
o r b i t  a p p l i c a t i o n  and F i g .  6 shows t h e  a s s o c i a t e d  
g a i n s  on t h e  r e c e i v e r  sur face  and c a v i t y .  Gains on  t h e  
c a v i t y  f r o m  t h e  c o n c e n t r a t o r  a r e  c a l c u l a t e d  u s i n g  t h e  
s o l a r  c o n s t a n t  and c o n c e n t r a t o r  d a t a .  Except  for t h e  
b o t t o m  s u r f a c e ,  t he  s i n k  tempera tu re  for  a l l  e x t e r n a l  
s u r f a c e s  and t h e  a p e r t u r e  i s  a b s o l u t e  z e r o .  The b o t -  
tom r a d i a t i o n  s i n k  tempera tu re  was s e t  a t  945 K due t o  
i t s  v iew  o f  the  B ray ton  t u r b i n e ,  wh ich  opera tes  a t  a 
tempera tu re  o f  1100 K .  
T h e . r e c e i v e r  i s  symmet r ica l  i n  t h e  t h e t a  d i r e c -  
t i o n ,  and i t  i s  assumed t h a t  t h e  s o l a r  beam from t h e  
c o n c e n t r a t o r  i s  e v e n l y  d i s t r i b u t e d  o v e r  t h e  hemispher-  
i c a l  c a v i t y .  A l s o ,  t h e  assumpt ion  i s  made t h a t  t h e  
c o n c e n t r a t o r  i s  n o t  shadowed f r o m  t h e  o t h e r  o b j e c t s .  
Because o f  symmetr.y, a one s i x t i e t h  s e c t i o n  i n  t h e  
t h e t a  d i r e c t i o n  was modeled, u s i n g  519 nodes and p ro -  
v i d i n g  an approx imate  maximum 2 . 6  cm g r i d  l i n e  i n  any 
d i r e c t i o n .  The need f o r  d e t a i l e d  tempera tu re  p r o f i l e s  
r e q u i r e s  t h e  use o f  a f i n e  g r i d .  The c o n d u c t i v i t y  o f  
t h e  h e a t  p i p e  was c o n t r o l l e d  by  check ing  t h e  work ing  
f l u i d  tempera tu re  t o  de te rm ine  t h e  amount o f  h e a t  
needed. The amount o f  hea t  r e q u i r e d  was e x t r a c t e d  
from f i v e  nodes i n  the  upper s e c t i o n  and added t o  f i v e  
nodes i n  the  lower  s e c t i o n .  Heat  t r a n s f e r  from t h e  
upper t o  t h e  lower s tage th rough  t h e  hea t  p i p e  c a s i n g  
was i g n o r e d .  I t  was assumed t h a t  t h e  amount o f  hea t  
t r a n s f e r r e d  i n  t h i s  manner would be ba lanced by  a 
decrease i n  the  amount t r a n s f e r r e d  th rough  t h e  sodium. 
The hea t  t r a n s f e r  f rom t h e  hea t  exchanger header p i p e s  
t o  space was a l s o  i gno red  based on t h e  assumpt ion  t h a t  
t h e  tubes  were w e l l  i n s u l a t e d ,  and t h e  s i m p l i c i t y  o f  
t h e  model.  
o r b i t s  a r e  shown. A t  t h e  end of t h e  f i rst  s u n l i t  po r -  
t i o n ,  where t h e  c o n c e n t r a t o r  i s  f irst a l i g n e d  w i t h  t h e  
r e c e i v e r ,  t h e  upper s tage vesse l  tempera ture  r a i s e s  t o  
826 K ,  t h e  o u t e r  components of t h e  r e c e i v e r  range f r o m  
718 K t o  772 K .  D u r i n g  t h e  t h i r d  o r b i t  o f  t h e  s u n l i t  
p o r t i o n  t h e  sodium hea t  p i p e s  s t a r t  t r a n s f e r r i n g  energy  
t o  t h e  l ower  s tage.  I n  t h e  s i x t h  o r b i t ,  t he  upper and 
lower  s tages  have reached t h e  minimum s t a r t - u p  temper- 
a t u r e s  and t h e  work ina  f l u i d  s t  
t h e  end of t h e  s i x t h  & b i t  t h e  
s teady  s t a t e  c o n d i t i o n .  Severa 
r e q u i r e d  be fo re  the  upper s tage 
o r b i t a l  s teady  s t a t e  c o n d i t i o n .  
T r a n s i e n t  O p e r a t i o n  
The fou r  p i c t u r e s  shown i n  
f e r e n t  t i m e s  i n  a t y p i c a l  o r b i t  
rts c i r c u l a t i n g .  By 
ower s tage i s  i n  a 
a d d i t i o n a l  o r b i t s  a r e  
has coo led  down to i t s  
F i g .  8 r e p r e s e n t  d i f -  
I n  F i q .  8 ( a )  t he  
r e c e i v e r  i s  a t  m i d p o i n t  o f  t h e  s u n l i t  p o r t i o n  o f  t h e  
o r b i t ,  l o c a t e d  between t h e  sun and e a r t h .  F i g u r e  8 ( b )  
r e p r e s e n t s  t h e  end of t h e  s u n l i t  p o r t i o n ,  where the  
upper s tage  i s  a t  i t s  maximum o p e r a t i n g  tempera tu re .  
F i g u r e  8 ( c )  i s  midway th rough  t h e  e c l i p s e  p o r t i o n ,  
and F i g .  8 (d )  r e p r e s e n t s  tempera tures  a t  t h e  end o f  
t h e  e c l i p s e  p o r t i o n  o f  t h e  o r b i t .  Throughout the  
o r b i t  t h e  upper s tage tempera ture  v a r i e s  f rom 1311 t o  
1527 K ,  w h i l e  t h e  lower  stage m a i n t a i n s  a c o n s t a n t  
t empera tu re  of 1102 K.  I n  F i g .  8 (d )  t h e  l i t h i u m  
around t h e  h e a t  p i p e  on t h e  evapora to r  s i d e  i s  a t  t h e  
same tempera tu re  as t h e  l i t h i u m  s u r r o u n d i n g  t h e  con- 
denser p o r t i o n  o f  t h e  hea t  p i p e .  
hea t  p i p e  ceases t o  t r a n s f e r  hea t  and the  e f f e c t s  o f  
t h i s  i s  shown i n  F i g .  9.  A s  i n d i c a t e d  t h e  work ing  
f l u i d  tempera tu re  drops  t o  1098 K, wh ich  i s  s t i l l  
w i t h i n  t h e  =4 K tempera tu re  e r r o r  l i m i t .  The system 
energy  ba lance  f o r  a t y p i c a l  o r b i t  i s  g i v e n  i n  
Tab le  I V .  
A t  t h i s  p o i n t  t h e  
CONCLUDING REMARKS 
The s e n s i b l e  h e a t  r e c e i v e r  compares w e l l  w i t h  the  
7 kWe l a t e n t  h e a t  r e c e i v e r s  ana lyzed i n  e a r l i e r  s tud -  
i e s ,  and i t  s a t i s f i e s  t h e  s p e c i f i e d  d e s i g n  r e q u i r e -  
ments. Tab le  V r e p r e s e n t s  a comparison between t h e  
s e n s i b l e  h e a t  r e c e i v e r  d i scussed  h e r e i n  and s e v e r a l  
l a t e n t  hea t  r e c e i v e r  concep ts .  The we igh t  and s i z e  o f  
t h e  s e n s i b l e  r e c e i v e r  can be f u r t h e r  reduced by o p t i -  
m i z i n g  t h e  n i o b i u m  s k i n  t h i c k n e s s ,  and by m i n i m i z i n g  
or e l i m i n a t i n g  t h e  lower s tage l i t h i u m .  The l i f e  
s t r e s s  a n a l y s i s  per fo rmed for  t h e  n iob ium v e s s e l s  
i n d i c a t e  t h a t  t h e  m a t e r i a l  i s  capab le  o f  m a i n t a i n i n g  
s t r u c t u r a l  i n t e g r i t y  for 7 t o  10 y r s  o p e r a t i n g  a t  1100 
to  1400 K .  F i n a l l y ,  t h e  concept  can be s i z e d  f o r  d i f -  
f e r e n t  power requ i remen ts  by i n c r e a s i n g  o r  dec reas ing  
t h e  s i z e  and i n c o r p o r a t i n g  a movable a p e r t u r e  p l a t e .  
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S t a r t  Up O p e r a t i o n  
a t  o r b i t a l  s teady  s t a t e  w i t h  i t s  env i ronment .  I n  
F i g .  7 t h e  s teady  s t a t e ,  f i rst.  t h i r d ,  and s i x t h  
A t  s t a r t - u p ,  i t  i s  assumed t h a t  t h e  r e c e i v e r  i s  
3 
TABLE I. - HEAT RECEIVER DESIGN REQUIREMENTS 
Brayton cycles: 
Turbine inlet temperature, K . . . . . . .  1100?4 
Working fluid . . . . . . . . . . . . . .  He/Xe 
Working fluid molecular wt . . . . . . . . . .  40 
Brayton cycle efficiency, percent . . . . . .  30 
Electrical power output, kWe . . . . . . . . .  7 
Solar concentrator: 
Type . . . . . . . . . . . . . . . . .  Parabolic 
Concentrator efficiency, percent . . . . . . .  90 
Concentration ratio . . . . . . . . . . . .  3000 
Rim angle, deg . . . . . . . . . . . . . . . .  60 
Diameter,m . . . . . . . . . . . . . . . . .  8 
Surface accuracy, mrad . . . . . . . . . . . .  1 
Orbit: 
Circular, km . . . . . . . . . . . . . . .  463.5 
Period, min . . . . . . . . . . . . . . . .  93.6 
Eclipse, min . . . . . . . . . . . . . . . . .  36 
Solar constant, kw/m2 . . . . . . . . . .  1.371 
TABLE 11. - MASS AND MATERIAL SUMMARY 
Component 
Upper stage storage container, niobium 
Lower stage storage container, niobium 
Upper stage lithium 
Lower stage lithium 
Heat exchanger, niobium 
Outer cylindrical structure, titanium 
Sodium heat pipes, niobium casing 
Insulation, HTP-12 
Mounting hardware 
Mass, 
kg 
90 
38 
136 
38 
18 
28 
9 
45 
4 
406 
-
4 
TABLE 111. - HIGH THERMAL PERFORMANCE (HTP) INSULATION PROPERTIES 
Configuration 
Baselinea 
Packed beda 
Plate-fina 
Heat pipea 
Sensible heat 
Properties 
Receiver 
mass, 
kg 
443 
280 
36 7 
304 
406 
Main components 
Alumina fibers, wt % . . . . . . . .  
Silica fibers, wt % . . . . . . . .  
Tension in plane, kPa . . . . . . . .  
Compression through tension, kPa . . .  
Dielectric constant . . . . . . . . .  
Loss tangent . . . . . . . . . . . . .  
Thermal conductivity, W/m.K (1260 "C) 
Coefficient of expansion, crn/cm-~x10-7 
Long cycle life at, 'C . . . . . . . .  
Limited exposure to, 'C. . . . . . . .  
Manufacturer . . . . . . . . . . . . .  
Density, kg/m3 . . . . . . . . . . . .  
. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
Lockheed Missiles 
. . .  22 . . .  78 . . .  192 
. . 2206 . . .  972 . . 1.22 
. 0.0010 
. . 0.124 . . 25.56 . . 1427 . . 1593 
and Space 
TABLE IV. - TYPICAL ORBIT ENERGY BALANCE 
Orbit 
time , 
hr 
0.00 
.13 
.26 
.39 
.52 
.65 
.78 
. 9 1  
1 .04 
1.17 
1.30 
1.43 
1.52 
Average 
Percent losses 
Surface Aperture 
10.48 
12.64 
15.80 
18.84 
19.00 
18.67 
18.09 
17.60 
16.67 
15.84 
12.74 
10.61 
10.43 
15.19 
14.16 
14.34 
41.30 
14.23 
13.03 
11.95 
11.21 
10.55 
10.03 
11.49 
12.58 
13.45 
14.04 
12.72 
Percent 
to fluid 
75.36 
73.02 
69.90 
66.93 
67.97 
69.38 
70.70 
71.85 
73.30 
72.67 
74.68 
75.94 
75.53 
72.09 
TABLE V. - 7 kWe BRAYTON RECEIVER SIZE SUMMARY 
Receiver 
O.D., 
m 
Re c e ive r 
length , 
m 
Receiver 
volume, 
m3 
~~ 
1 . 1 5  
.90 
.94 
.73 
1 .14  
2.08 
1.30 
1.98 
1 . 2 5  
1.09 
2.160 
.840 
1.380 
.520 
1.110 
aObtained from Ref. 2 .  
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FIGURE 3. - RECEIVER MATERIAL PROFILE. 
FIGURE 4. - TEMPERATURE SENSING VARIABLE CONDUCTANCE HEAT 
PIPE CONFIGURATION. 
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FIGURE 9. - WORKING FLUID TEMPERATURE AS A FUNCTION OF TINE. 
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s h i e l d s .  By n a t u r e  of des ign ,  t h e  s e n s i b l e  hea t  r e c e i v e r  generated i n  t h i s  s tudy  
i s  comparable i n  b o t h  s i z e  and mass to  a l a t e n t  hea t  s y s t e m  of s i m i l a r  thermal 
capaci tance.  The hea t  r e c e i v e r  des ign  and thermal  a n a l y s i s  was conducted th rough  
the  combined use o f  PATRAN, SINDA,  TRASYS, and NASTRAN so f tware  packages. 
6. Abstract 
The s e n s i b l e  heat  s o l a r  r e c e i v e r  gener- 
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